Background and aims: Defective autophagy has been proposed as an important event in a growing number of autoimmune and inflammatory diseases such as rheumatoid arthritis and lupus. However, the precise role of mechanistic target of rapamycin (mTOR)-dependent autophagy and its underlying regulatory mechanisms in the intestinal epithelium in response to inflammation and oxidative stress remain poorly understood. Methods: The levels of p-mTOR, LC3B, p62 and autophagy in mice and LPS-treated cells were examined by immunoblotting, immunohistochemistry, confocal microscopy and transmission electron microscopy (TEM). We evaluated the expression of IL-1β, IL-8, TNF-α, MDA, SOD and T-AOC by quantitative real time-polymerase chain reaction (qRT-PCR) and commercially available kits after silencing of mTOR and ATG5. In vivo modulation of mTOR and autophagy was achieved by using AZD8055, rapamycin and 3-methyladenine. Finally, to verify the involvement of TLR4 signalling and the NF-κB pathway in cells and active ulcerative colitis (UC) patients, immunofluorescence, qRT-PCR, immunoblotting and TEM were performed to determine TLR4 signalling relevance to autophagy and inflammation. Results: The mTOR-dependent autophagic flux impairment in a murine model of colitis, human intestinal epithelial cells and active UC patients is probably regulated by TLR4-MyD88-MAPK signalling and the NF-κB pathway. Silencing mTOR remarkably attenuated, whereas inhibiting ATG5 aggravated, LPS-induced inflammation and oxidative injury. Pharmacological administration of mTOR inhibitors and autophagy stimulators markedly ameliorated experimental colitis and oxidative stress in vivo. Conclusions: Our findings not only shed light on the regulatory mechanism of mTOR-dependent autophagy, but also provided potential therapeutic targets for intestinal inflammatory diseases such as refractory inflammatory bowel disease.
Introduction
Cytokines and oxidative stress in the gastrointestinal tract in time and space orchestrate the initiation, development, exacerbation and recurrence of the inflammatory process in various intestinal inflammatory diseases [1] [2] [3] . The gut epithelium, often considered the primary defence for the host, forms a robust barrier to various infectious or noninfectious stimulations to maintain intestinal mucosal homeostasis [4] .
Autophagy is a dynamic intracellular degradation process through which organelles and long-lived proteins undergo lysosome-mediated self-digestion and recycling. The autophagy machinery is initiated under stress conditions such as hypoxia, starvation, exposure to toxic molecules or other reticular stress to maintain cellular homeostasis and adapt to adverse environments [5] . A growing body of evidence has emerged supporting the view that autophagy mediates the crucial functions of triggering and modulating innate and adaptive immune responses such as antigen presentation, cytokines secretion and antimicrobial peptide production [6] . Furthermore, in the intestine, it has been demonstrated that hampered autophagy results in inflammation and contributes to an increased susceptibility to Crohn's Disease (CD) [7] [8] [9] . Intense investigations have begun to evaluate the value of autophagy as a novel therapeutic target and a highly needed diagnostic tool. Recent evidence indicates that restoring impaired autophagy can alleviate inflammation in intestinal diseases such as granulomatous diseases and CD both in mice and humans [10] . Therefore, autophagy seems to be an appealing target for regulating and normalizing the imbalanced inflammatory responses in intestinal inflammation.
In addition, autophagy is negatively regulated by the upstream protein kinase mTOR, and both are central regulators of organism growth and homeostasis [11] . mTOR is a highly conserved serine/threonine protein kinase, which consists of two forms of complexes termed mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). Accumulating evidence has revealed that mTORC1 activation is associated with a wide range of intricate signalling pathways, including its downstream target ribosomal protein S6 (RPS6), as well as inflammatory responses [12] . In a recent study of lupus-prone mice, Oaks et al. observed that mTORC1-dependent mitochondrial dysfunction in the livers of lupusprone mice contributed to the generation of antiphospholipid antibodies (aPL) and this preceded the development of systemic lupus erythaematosus (SLE) [13] . Moreover, studies have shown that the mTOR signalling pathway is of great importance to Nod-2 mediated tolerance and anti-inflammatory cytokines production, and nutrient modulation of mTOR might directly modulate inflammatory responses in CD [14] . Sirolimus (rapamycin), a drug commonly used in posttransplantation management due to its immunosuppressive and antineoplastic properties, has shown significant efficacy in reversing the activation of mTORC1 in T cells in lupus-prone mice and in patients with SLE [13, 15, 16] . In addition, as has been recently recognized, rapamycin has demonstrated great clinical efficacy in inducing and maintaining clinical remission in IBD patients who were refractory to conventional anti-tumour necrosis factor alpha (anti-TNF-α) therapies [17, 18] . However, the functions and the precise mechanisms by which mTOR and autophagy interact in the pathogenesis of intestinal inflammatory diseases, especially in intestinal epithelial cells, remain inconclusive.
Therefore, in this study, LPS was used to induce experimental colitis and oxidative stress in Balb/c mice, human colon adenocarcinoma cell line Caco-2 and HT-29 cells to investigate the interrelations between mTOR and autophagy and the underlying mechanisms. We demonstrated that the activated mTOR and impaired autophagy play essential roles in the intestinal epithelium in intestinal inflammation and oxidative injury based on our in vivo and in vitro studies. Mechanistically, LPS activates mTOR and inhibits autophagy in experimental colitis via the upstream toll-like receptor 4 (TLR4) signalling pathway, and mTORdependent autophagy orchestrates its downstream NF-κB activation thereby leading to the production of pro-inflammatory cytokines and oxidative stress. In addition, the dysregulation of mTOR phosphorylation and autophagy-related proteins was further verified in inflamed colorectal tissues from human patients with Active Ulcerative Colitis (A-UC), and the proposed TLR4-MyD88-MAPK signalling and NF-κB pathways were also involved in such regulation. Therefore, our findings not only reveal a novel mechanism for the mTOR-autophagy axis, but also provide solid evidence for further clinical trials of mTOR inhibitors (e.g., rapamycin) as a candidate therapy for intestinal inflammatory diseases such as refractory IBD.
Materials and methods

Cell culture and reagents
The human colonic adenoma cell line Caco-2 and HT-29 were purchased from the Chinese Academy of Sciences (Shanghai, China), and were cultured in DMEM (HyClone, USA) supplemented with 10% foetal bovine serum (FBS, Gibco, USA), 1% penicillin/streptomycin and 1% nonessential amino acids (NEAA, Gibco, USA) in a humidified, 5% CO 2 air atmosphere at 37°C. The chemical reagents used in this study are shown in Supplementary Table 1.
Patients and specimens
Normal and inflamed colonic mucosal biopsies were collected from healthy controls (HC, n = 19) and active ulcerative colitis (A-UC, n = 31) patients who underwent endoscopy at the Department of Gastroenterology, Xinhua Hospital of Shanghai Jiao Tong University School of Medicine (Shanghai, China) from June 2015 to February 2018. The clinical characteristics of these patients are shown in the Supplementary Table 2 . These tissues samples were used for qRT-PCR and TEM analysis. The colorectal inflamed tissues (I, n = 5) and paired distant normal tissues (N, n = 5) were obtained from patients with A-UC who received curative surgery at the Department of Colorectal Surgery in our hospital from October 2015 to November 2017. These tissue samples were used for Western bolt analysis. Moreover, 8 pairs of qualified formalin-fixed paraffin-embedded surgical specimens derived from A-UC patients who underwent curative surgery at the Department of Colorectal
Research in context
Evidence before this study mTOR plays a central role in many major cellular processes including growth, metabolism, homeostasis and autophagy/ macroautophagy induction. Autophagy is an evolutionarily conserved intracellular degradation process that mediates the triggering of and modulates many aspects of innate and adaptive immune responses, such as antigen presentation, antimicrobial peptide production and cytokines secretion. Cross talk interactions between autophagy and inflammation have been reported in numerous inflammatory and autoimmune diseases such as rheumatoid arthritis and lupus, and we explored its role in the intestinal epithelium and its underlying regulatory mechanism in response to inflammation and oxidative stress.
Added value of this study
The activated mTOR and defective autophagy play essential roles in intestinal inflammatory responses and oxidative stress injury. Silencing mTOR remarkably attenuated, whereas inhibiting ATG5 aggravated, LPS-induced inflammation and oxidative injury. Treatment with mTOR inhibitors and autophagy stimulators remarkably protected the mice from intestinal inflammation and oxidative injury. mTOR-dependent autophagy regulates gut inflammatory responses via its upstream TLR4-MyD88-MAPK signalling and the downstream NF-κB pathway.
Implications of all the available evidence mTOR-dependent autophagy, along with its regulatory axis TLR4-MyD88-MAPK and NF-κB, may serve as an alternative therapeutic target for patients with gut inflammation. mTOR inhibitors and autophagy stimulators (e.g., rapamycin) are promising candidates for patients with refractory IBD and should be tested in further clinical trials.
Surgery in our hospital from May 2016 to November 2017 were collected and then subjected to immunofluorescence staining. The study was approved by the Research and Ethics committee of Xinhua Hospital. Written informed consent was also obtained from all subjects before the study protocol.
Western blotting
Tissues and cells were rinsed with pre-chilled PBS twice and then lysed using ice-cold RIPA buffer (Roche, Basel, Switzerland) containing protease (1:100; Thermofisher) and phosphatase inhibitors (1:50; Thermofisher). After centrifugation at 15000 rpm for 15 min at 4°C, the insoluble debris was removed, and the protein concentration was evaluated by using a BCA Protein Assay Kit (Thermo Fisher, USA). Total cellular protein (20 μg/well) and colorectal tissues protein (50 μg/well) were separated by SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes. Then, the membranes were blocked with 5% bovine serum albumin (BSA) in Tris borate saline with 0.1% tween 20 (TBST) for 1.5 h at room temperature before being incubated with the corresponding primary antibodies (Supplementary Table 1 ) at 4°C overnight. The protein bands were visualized by using a ChemiDoc XRS+ system (Bio-Rad, USA) and the band intensities were quantified using Image Lab software.
Animals
8-week-old Balb/c female mice (20-24 g ) were purchased from the Experimental Animal Center of the Chinese Academy of Sciences (Shanghai, China) and housed in a specific pathogen-free (SPF) facility. All animal experiments were approved by the Institutional Animal Care and Use Committee of Xinhua hospital. The mice were allowed to acclimatized to the controlled environmental conditions (24 ± 1°C temperature; 40-50% humidity; 12 h light/dark cycle) with free access to water and diet for more than one week prior to the experiments. Every mouse was weighed once a day and monitored for the appearance of bloody and loose stools. Mice were sacrificed after 7 days of LPS-induced acute inflammation or 4 weeks of LPS-induced chronic inflammation. The colorectal tissues were fixed in a 10% paraformaldehyde solution at 4°C, or snap frozen in liquid nitrogen and stored in a − 80°C refrigerator.
2.5. Gene silencing by CRISPR/Cas9 and small RNA interference (siRNA) sgRNA sequence targeting mTOR was synthesized, annealed and subcloned into the lentiCRISPR v2 vector (Addgene, Cambridge, MA) to generate stable knockout cell lines in Caco-2 and HT29 cells, with an empty lentiCRISPR v2 vector used as a control. HEK293T cells were co-transfected with lentiCRISPR v2-control or lentiCRISPR v2-mTOR-KO and psPAX2 and pMD2G using Lipofectamine 2000 (Invitrogen) reagents. Caco-2 and HT29 cells were infected with lentiviruses and then selected by puromycin resistance to establish stable knockouts of mTOR for further experiments.
Caco-2 and HT-29 cells were seeded in 6-well culture dishes at a density of 1. . SOD and MDA contents were assayed according to the xanthine oxidase (XO) and thiobarbituric acid methods, respectively.
Immunohistochemistry
Tissues slides were dehydrated in xylene and rehydrated with graded alcohols. After treatment with 3% peroxide-methanol at 37°C in an incubator for 30 min, antigen retrieval was assayed by using 0.01 M citrate buffer (PH 6.0) at 95°C for 20 min. Then, the tissue samples were incubated with diluted primary antibody (anti-LC3B at a 1:200 dilution, or anti-p-RSP6 at a 1:200 dilution) at 4°C overnight, followed by incubations with biotinylated secondary antibody at 37°C for 45 min and colouration with 3,3-diaminobenzidine (DAB) at room temperature in the dark. Finally, all sections were counterstained nuclei using hematoxylin. In addition, the expression of p-RPS6 and LC3B in respective groups of LPS-treated mice were scored according to the percentage of positive stained cells and the intensity of staining. The percentage scoring of immunoreactive cells was as follows: 0 (b10%), 1 (10-40%), 2 (40-70%) and 3 (N70%). The staining intensity was visually scored and stratified as follows: 0 (negative), 1 (yellowish), 2 (light brown), 3 (dark brown). The final immunoreactivity score was obtained by two independent researchers by multiplying the percentage and the score for each case was from 0 to 9.
Transmission Electron Microscopy
Caco-2, HT-29 cells and fresh human mucosal samples were isolated at a size of no N1 mm 3 and fixed with 2.5% glutaraldehyde at 4°C for 4 h.
Post-fixation, the samples were dehydrated with a graded series of ethanol (30%, 50%, 70%, 80%, 90%, 95% and 100%) and propylene oxide and then were embedded in an epoxy resin. The embedded samples were then processed for transmission electron microscopy following standard procedures. /Finally, the ultrathin sections were examined with an HT7700 electron microscope (HITACHI, Tokyo, Japan).
Immunofluorescence staining
The paraffin sections were de-paraffinized, rehydrated, and treated according to a standard protocol. After incubation with the primary antibody (1:50) overnight, the slides were washed 3 times with PBS and incubated with the corresponding biotinylated secondary antibody for 40 min (BOSTER, USA). Then, the sections were washed again and incubated with fluorescein (1:100) for 1 h. Finally, all sections were counterstained with Prolong™ Diamond Antifade Mountant with DAPI and sealed with coverslips. Fluorescence images were captured by using an inverted fluorescence microscope (Leica, Wetzlar, Germany).
Tandem mRFP-GFP-LC3 fluorescence and confocal microscope
To assess the autophagic flux status in response to LPS stimulation, a tandem mRFP-GFP-LC3 adenovirus (HanBio Technology, Shanghai, China) was transfected into HT-29 cells for 48 h at an MOI of 50. The tandem mRFP-GFP-LC3 protein exhibited both red (mRFP) and green (GFP) fluorescence in neutral pH. The GFP signals could be quenched in the acidic environment of the lysosome, whereas the mRFP signal is more stable in an acidic environment. As a result, the yellow (red+green) and red-only puncta represent the formation of autophagosomes and autolysosomes, respectively. HT-29 cells were plated in a 12-well dish and permitted to reach 50%-70% confluence at the time of transfection. Adenovirus infection was performed in accordance with the manufacturer's guidance, and HT-29 cells were incubated in DMEM growth media with mRFP-GFP-LC3 adenovirus vectors for 2 h at 37°C. The cells were then grown in normal growth media containing LPS or Bafilomycin A1 at different time points at 37°C
. Finally, LC3 puncta were examined with a Leica TCS SP5 Confocal microscope (Leica Microsystems, Wetzlar, Germany) fitted with a 40× objective.
RNA isolation and qRT-PCR
The total cellular and tissue RNA was isolated using the RNAiso Plus reagent (TaKaRa Biotechnology). Complementary DNA (cDNA) was reverse transcribed from 1000 ng of total RNA using the PrimeScript™ RT Master Mix (TaKaRa Biotechnology). Quantitative real-time PCR was performed using qPCR SYBR Green Master Mix (Cat No.11201, Yeasen, Shanghai, China) on a PikoReal 96 system (Thermo Scientific, USA) The relative expression levels were normalized to GAPDH (Sangon Biotech, Shanghai, China) and analyzed by the 2-ΔΔCt method [19, 20] . All reactions were performed in triplicate. The sequences of primers used in this study are listed in Supplementary Table 1.
Statistical analysis
Data are presented as the mean ± standard error of mean (SEM). Differences between groups were performed using an unpaired Student's t-test, paired Student's t-test, and one-way analysis of variance (ANOVA). Clinical correlations were analyzed in the human samples using Pearson's correlation coefficient. Statistical analyses was performed using GraphPad Prism 7.0 software (La Jolla, CA, USA). *p b .05, **p b .01, and ***p b .001 were considered as statistical significance.
Results
LPS activates mTOR and inhibits autophagy in acute and chronic experimental colitis in vivo
LPS was used to induce acute and chronic experimental colitis in Balb/c mice, and the results showed that administration of LPS markedly caused impairment of colon epithelium tissues, as evidenced by the body weight loss from initial weights (Fig. 1A) , the diminution of colorectal length (Fig. 1B ) and the obvious change in spleen weight (Fig. 1C) [21, 22] . Furthermore, histological examination (H&E staining and histological score) of distal colon sections from the LPSchallenged mice exhibited remarkably higher mucosal inflammatory cell infiltration and more severe damage of the epithelial layer compared to that of the control group (Fig. 1D ). To explore whether mTOR and autophagy are biologically modulated in LPS-induced intestinal inflammation, we examined the protein levels of the autophagy-related hallmark Microtubule associated protein 1 light chain 3 beta (LC3B), mTOR and related molecules. As shown in Fig. 1E , the expression of pmTOR and its downstream indicator p-RPS6 was remarkably elevated in LPS-treated mice, which was in parallel with the diminished level of LC3B. These observations were reinforced by immunohistochemistry performed on colon tissues that revealed an enhanced p-RPS6 but reduced LC3B immunostaining in LPS-challenged mice compared with controls ( Fig. 1F) . These results were further verified in DSS-induced experimental colitis models ( Supplementary Fig. 1A , B).
LPS triggers mTOR phosphorylation and autophagic flux impairment in Caco-2 and HT-29 cells in vitro
To determine the role of mTOR signalling and autophagy in human intestinal epithelial cells after LPS stimulation, we investigated the expression of p-mTOR, p-RPS6, LC3B and p62 by western blot. Notably, the protein levels of p-mTOR and p-RPS6 were gradually increased in a time-dependent manner upon LPS exposure, while the ratio of LC3B-II/β-actin reached a peak at 6 h and then declined gradually over the time-course (Fig. 2A, B and Supplementary  Fig. 1C ). The expression of p62 (a cargo protein degraded inside autolysosomes) also increased to its maximum at 6 h and then decreased with time prolonged, which indicated that the autophagic flux was blocked at autolysosome degradation ( Fig. 2A, B and Supplementary Fig. 1C ). To further confirm the autophagic flux status, we transfected cells with Ad-mRFP-GFP-LC3 adenovirus. The GFP signals can be quenched in the acidic environment of the lysosome, whereas the mRFP signal is more stable in an acidic environment. As a result, autolysosomes and autophagosomes are labelled with a red or yellow (red and green) colour, respectively. By detecting these two different fluorescent signals, the autophagic flux status after LPS stimulation can be monitored. Therefore, the autophagic flux is enhanced when both yellow and red puncta are increased in intestinal epithelial cells, while the autophagic flux is impeded when both yellow and red puncta are decreased in cells or when only yellow puncta are intensified without red puncta alteration. After transfection with mRFP-GFP-LC3 for 48 h and incubation with LPS at different time points, the cells were examined by confocal microscopy. As shown in Fig. 2C , treatment of the cells with bafilomycin A1, which is widely used to inhibit autophagosome-lysosome fusion, only increased the number of yellow dots. Furthermore, LPS treatment markedly enhanced the yellow dots and reached its maximum at 6 h, while it did not augment the number of red dots (Fig. 2C, D) . This phenomenon indicated that the autophagic flux was retarded at the autolysosome stage after treatment with LPS. These results were consistent with transmission electron micrographs (Fig. 2E) , suggesting that LPS activates mTOR and then blocks the autophagy process at the autolysosome stage in both in vivo and in vitro inflammatory models.
Silencing mTOR remarkably reduces LPS-induced intestinal inflammation and oxidative stress in Caco-2 and HT-29 cells
We next sought to investigate the effects of mTOR inhibition on LPS-induced intestinal inflammation and oxidative stress. We performed genetic knockout of mTOR using the CRISPR/Cas9 system, and immunoblotting confirmed that mTOR protein expression was efficiently down-regulated in Caco-2 and HT-29 cells (Fig. 3A) . As expected, the silencing of mTOR slightly increased the basal level of autophagy and restored LPS-decreased levels of LC3B (Fig. 3B) . Meanwhile, the real-time PCR and ELISA results demonstrated that the mRNA and protein levels of pro-inflammatory cytokines (IL-1β, IL-8 and TNF-α) were significantly down-regulated in mTOR silenced cells after LPS treatment (Fig. 3C, D) . Malondialdehyde (MDA), total antioxidant capacity (T-AOC) and superoxide dismutase (SOD) have been widely served as oxidative stress markers. As shown in Fig. 3E , LPS-treated cells exhibited an obvious oxidative injury as indicated by the weakened T-AOC and SOD activities and elevated MDA levels. However, these detrimental effects of LPS stimulation were dramatically ameliorated by inhibiting mTOR in Caco-2 and HT-29 cells. These results indicated that the inhibition of mTOR protects against LPS-induced inflammation and oxidative injury, accompanied with an induction of autophagy.
Inhibiting autophagy aggravated LPS-induced inflammation and oxidative injury in Caco-2 and HT-29 cells
Mounting evidence suggests that autophagy plays essential roles in inflammation, immunity and the maintenance of intestinal homeostasis. As indicated above, LPS triggered mTOR phosphorylation and inhibited autophagy, while silencing mTOR enhanced the autophagy level. Therefore, we next sought to explore the influence of autophagy on intestinal inflammation and oxidative stress. Considering that ATG5 is an important molecule involved in the autophagosome formation process, we applied siRNAs to block the expression of ATG5 and reduce autophagy activity. The effects of the knockdown of ATG5 in Caco-2 and HT-29 cells are shown in Fig. 4A . As expected, we found that siATG5 treatment induced the up-regulation of pro-inflammatory cytokines (IL-1β, IL-8 and TNF-α) and aggravated oxidative injury (MDA, T-AOC and SOD) in the presence of LPS stimulation in Caco-2 and HT-29 cells (Fig. 4B-D) . We further examined whether knockdown of ATG5 in mTOR silenced cells could reverse the protective effects on inflammatory responses after LPS treatment. Notably, the mRNA levels of IL-1β, IL-8, and TNF-α were up regulated again (Fig. 4E) . These data confirmed that LPS induced inflammation and oxidative injury via activating mTOR and suppressing autophagy in intestinal epithelial Caco-2 and HT-29 cells. To further elucidate the function of mTOR activation and autophagy suppression in intestinal epithelium in facilitating LPS-induced inflammatory responses and oxidative injury in vivo, we applied inhibitors or agonists to modulate mTOR and regulate the autophagy process. Interestingly, administration of AZD8055 (a selective ATP-competitive kinase inhibitor of mTOR) or rapamycin (an mTOR-dependent stimulator of autophagy) to LPS-treated mice significantly ameliorated intestinal inflammation and oxidant stress as judged by decreased body weight loss (Fig. 5A) , colon length shortening (Fig. 5B) , spleen weight augmentation (Fig. 5C) , much lower MDA level, higher cellular T-AOC and SOD antioxidant activities (Fig. 5D) , as well as less disruption of mucosal epithelium and inflammatory cell infiltration in colon tissues (Fig. 5E) , and histological severity scores in comparison with those of LPS group (Fig. 5F ). In contrast, inhibition of autophagy by 3-Methyladenine (3-MA) in LPS-treated mice remarkably aggravated oxidative injury and histological damage (Fig. 5A-F) . In addition, the levels of p-mTOR and p-RPS6 were prominently slashed after AZD8055 or rapamycin administration, accompanied with the induction of autophagy in colon tissues as detected by Western blot (Fig. 5G) . The levels of p-mTOR, p-RPS6 and LC3B stimulated by LPS were intensified by administering 3-MA to mice (Fig. 5H-I) . Consistent with the above data, the immunostaining of p-RPS6 and LC3B further confirmed that inhibiting mTOR and triggering autophagy significantly attenuated LPS-induced intestinal inflammatory responses and oxidative stress in vivo (Fig. 5G-I ).
LPS activates mTOR via upstream TLR4-MyD88-MAPK signalling and inhibits autophagy through the NF-κB pathway in epithelial Caco-2 and HT-29 cells
To uncover the potential pathways that orchestrate LPS-induced mTOR activation and autophagy suppression in the intestinal epithelium, we focused on toll-like receptors (TLRs), which provoke a quick activation of innate immunity by inducing secretion of pro-inflammatory cytokines. TLR4, in particular, is a membrane receptor for LPS and abundantly expressed in various epithelial cells [23, 24] . Notably, treatment with LPS in Caco-2 and HT-29 cells significantly enhanced the protein levels of TLR4, MyD88, p-p38 MAPK, p-JNK, p-ERK and p-NF-κB p65 (Fig. 6A) . Moreover, we utilized an ERK inhibitor (GDC-0994) and three siRNAs to knockdown TLR4, MyD88 and NF-κB p65 to further validate the role of TLR4 signalling in modulating the mTOR-dependent autophagy ( Fig. 6B and Supplementary Fig. 1E ). As shown in Fig. 6B , knockdown of TLR4 and MyD88 significantly inhibited the phosphorylation level of ERK, IκBα, mTOR and promoted autophagy. The suppression of ERK phosphorylation by GDC-0994 also inhibited p-mTOR and activated autophagy. However, down-regulation of p65 remarkably strengthened the protein levels of autophagy while it had little effect on p-mTOR. As shown in Fig. 6C, D and Supplementary Fig. 1F , LPS significantly induced NF-κB p50 and p65 translocation into the nucleus, which was blocked by pretreating the cells with genetic or pharmacological inhibition agents in western blot and immunofluorescence staining assays. Furthermore, genetic or pharmacological knockdown of TLR4, MyD88, p-ERK and NF-κB p65 effectively decreased the mRNA levels of pro-inflammatory cytokines induced by LPS (Fig. 6E) , which was in parallel with high levels of autophagy and low levels of mTOR phosphorylation. Taken together, these results present convincing evidence to support our emerging view that LPS activates mTOR via upstream TLR4-MyD88-MAPK signalling and inhibits autophagy through the NF-κB pathway in intestinal epithelial cells.
TLR4-MyD88-MAPK signalling and the NF-κB pathway are involved in the dysregulation of p-mTOR and autophagy in colon tissues of UC patients
We further assessed whether there was a dysregulation of mTOR phosphorylation and autophagy-related proteins in human patients with A-UC and the possible participation of TLR4-MyD88-MAPK signalling and the NF-κB pathway in such regulation. As shown in Fig. 7A , the qRT-PCR results showed increased IL-1β, IL-6, IL-8, TLR4 and NF-κB p65 expression and decreased autophagy-related molecules (such as ATG5, ATG16L1, LC3A and LC3B) mRNA expression in the inflamed mucosa of patients with A-UC (n = 31), compared with that in healthy controls (n = 19). However, there was no notable difference in the expression of TNF-α, MyD88, ATG3, ATG7 and ATG12 between the inflamed mucosa of A-UC and healthy controls. We found that the expression of the autophagy hallmark LC3B in A-UC was negatively correlated with the levels of IL-8 (Spearman's rank correlation coefficient in UC, R = −0.8304, p b .001), TLR4 (R = −0.6742, p b .001) and NF-κB p65 (R = −0.7074, p b .001) mRNA (Fig. 7B) , indicating TLR4 and the NF-κB pathway probably inversely regulated the expression of autophagyrelated proteins. As shown in Fig. 7C , we examined the number of autophagic vesicles in mucosa tissues of 3 UC patients from colonoscopy using TEM. Autophagosomes, also known as initial autophagic vacuoles (AVi), were generally defined as vacuolar structures containing cellular contents similar to intracellular cytosol and organelles, as presented in Fig. 7C . The number of autophagic vesicles was counted in at least 10 fields of view in each section at the same magnification (Fig. 7C) . A lower number of autophagic vesicles was observed in inflamed tissues compared to adjacent normal tissues, confirming that the inflamed intestine mucosa exhibited more impaired autophagy activity than adjacent normal mucosa. We also noticed increased protein levels of pmTOR, TLR4, MyD88, p-P38 MAPK, p-JNK, p-ERK and p-NF-κB p65 and decreased LC3B protein levels in 5 pairs of inflamed colon biopsy tissues compared with their corresponding adjacent normal colon tissues from the same A-UC patients (Fig. 7D ). Corroborating the above data, the immunofluorescence staining of p-mTOR, LC3B and other molecules in the proposed pathway further confirmed that the activated p-mTOR and impaired autophagy in inflamed colon tissues of UC patients were regulated by TLR4-MyD88-MAPK signalling and the NF-κB pathway (Fig. 7E ).
Discussion
The major findings of our study can be summarized as follows. Therefore, in this study, LPS was used as an inflammatory agent to identify a novel role for mTOR and autophagy in intestinal inflammation and oxidative stress. Inflammation represents a crucial line of defence against microorganisms and other pathogens. Increasing evidence suggests that autophagy has important effects on the induction and modulation of the inflammatory reaction, however, the role of mTOR and autophagy in intestinal inflammation, the functions and the underlying mechanisms by which mTOR and autophagy interrelate in IBD pathogenesis, especially in the intestinal epithelial cells, have yet to be fully understood. Therefore, in this study, we modulate mTOR and autophagy to explore the balance between these two processes with the aim of seeking the possibilities for further clinical therapeutic targeting. In recent years, the crosstalk between autophagy and inflammation has been reported. Emerging literature has explored the function of autophagy in diverse cellular models of inflammation, showing that autophagy plays an essential role in the monitoring of inflammation and restoring intestinal homeostasis [10] . In the intestinal, autophagy has been reported to mediate critical functions in innate and adaptive immunity such as antigen presentation by dendritic cells, cytokine secretion by macrophages and antimicrobial peptide secretion by paneth cells [25] . Following treatment with LPS, ATG16L1-or Atg7-deficient macrophages produce large amounts of pro-inflammatory cytokines such as IL-1β and IL-18. Mice lacking ATG16L1 in haematopoietic cells are more susceptible to dextran sulphate sodium (DSS)-induced experimental acute colitis, which could be alleviated by administration with anti-IL-1β antibodies, demonstrating the significance of the autophagy-related protein ATG16L1 in the repression of gut inflammation [26] . Subsequent studies demonstrated that anything that blocks the autophagy process, be it Atg gene deletion or pharmacological intervention, leads to enhanced caspase-1 activation and expanded production of pro-inflammatory cytokines such as IL-1β [27] . Furthermore, IL-10 −/− mice show an impaired autophagic flux in the intestinal mucosa, together with the increased expression of proinflammatory genes and the activation of the NF-κB pathway [28] . Ortiz-Masia et al. reported that HIF-1-dependent induction of Wnt1 in hypoxic macrophages undermined the autophagy process in epithelial cells, indicating the participation of Wnt signalling in the impaired autophagy in the mucosa of IBD patients [28] . Moreover, a growing body of literatures has demonstrated the close link between autophagy and antioxidant defence in the gastrointestinal tract [29] . On the one hand, autophagy modulates the inflammatory response through several mechanisms, including the selective degradation of both proinflammatory complexes, such as NEMO or BCL10 or inflammasome stimuli like mitochondrial ROS or mitochondrial DNA [30] . On the other hand, high levels of cytokines production and ROS, in response to damage have been reported to disrupt the signalling needed to control autophagy process [31] . Therefore, the protein levels of autophagy hallmark LC3B in Caco-2 and HT-29 cells increased from 0 to 6 h under the stimulation of LPS probably due to it's a highly sensitive process in response to stressful condition in order to maintain cellular homeostasis. However, the high levels of cytokines production and ROS may reversely influence and disrupt autophagy process and lead to the impaired autophagy. Moreover, p62, a cargo protein degraded inside autolysosomes, also increased to its maximum at 6 h and then decreased with time prolonged, which indicated that the autophagic flux was blocked in the combination with the change of LC3B during the autolysosome degradation process. And we will explore the underlying mechanisms of the changing LC3B, p62 with time prolonged in depth in further studies. In addition, activation of autophagy has been identified as cytoprotective in some settings, whereas in other cases, sustained or excessive activation of autophagy has been associated with inflammatory pathologies [32, 33] . Recent investigations have shown that the phagocytic uptake of cells dying through autophagy induction in human macrophages evokes a pro-inflammatory response as characterized by the induction and secretion of cytokines such as TNF-α, IL-6, IL-8 and IL-10 [34, 35] . Consistent with the former viewpoint, in the current study, we discovered that the impeded autophagic flux associated with the phosphorylation of mTOR in LPSinduced Caco-2 and HT-29 cells, murine colitis and A-UC patients, extending the previous knowledge of defective autophagy in the regulation of intestinal inflammation. mTOR governs the programmed cell death pathways of apoptosis and autophagy that can determine cell fate. The pathways of PI3K, Akt, and AMPK play a significant role in mTOR signalling. In regards to AMPK, this protein can inhibit mTORC1 activity through activation of tuberous sclerosis 1/tuberous sclerosis 2 (TSC1/TSC2) complex. AMPK suppress and block mTORC1 activity via controlling the activity of TSC1/TSC2 [36] . Therefore, coupled to the cellular biology of mTOR are a number of considerations for the development of novel treatments involving the fine control of mTOR signalling and autophagy in the intestinal inflammation. In the present study, the complexity of mTOR signalling has been taken into considerations in pharmacological administration the mice with inhibitors or agonists to modulate mTOR and autophagy. AZD8055 is a potent, selective, and orally bioavailable ATP-competitive mTOR kinase inhibitor with excellent selectivity (approximately 1000-fold) against all class I phosphatidylinositol 3-kinase (PI3K) isoforms and other members of the PI3K-like kinase family [37] . AZD8055 inhibits the phosphorylation of mTORC1 substrates p70S6K and 4E-BP1 as well as phosphorylation of the mTORC2 substrate AKT and downstream proteins [38] . Moreover, 3-methyladenine (3-MA) inhibits class III PI3K and is widely used as an autophagy inhibitor in various studies [39, 40] . Interestingly, our in vivo data showed that systemic administration of a mTOR inhibitor (AZD8055) or a mTORdependent autophagy stimulator (rapamycin) to LPS-treated mice significantly ameliorated gut inflammation and oxidant stress as shown by decreased body weight loss and histological damage, where the inhibition of autophagy by 3-MA in LPS-treated mice remarkably aggravated oxidative injury and histological damage. Indeed, the gut-specific Atg5 or ATG16 knockout mouse models could mimic human IBD patients in which autophagy is genetically impaired. Whereas, our results proposed that mTOR blockade with autophagy stimulation could be of interest in the clinical management of human IBD in those patients in which autophagy is not genetically impaired. So far, several potential mechanisms, such as the activation of the inflammasome in myeloid cells or the functional deficiency in intestinal mucus secretion has been put forward to link this with the increased susceptibility to colitis in murine models with impaired autophagy [41, 42] . However, little is known about the underlying mechanisms that mediate the alleviation of gut inflammation and oxidative stress via triggering autophagy. Saitoh et al. have reported that activating autophagy not only directly abolished exaggerated activation of the NLRP3 inflammasome pathway, but it also indirectly inhibited the production of mitochondrial ROS, which were closely associated with inflammatory mediators' maturation [43] . Some additional studies have supported the concept that the inflammasome structures, destructive mitochondria, the macrophage polarization, and the selective degradation of inflammatory complexes probably explain how autophagy prevent inflammation progression [5, 44] .
One clinical trial by Lai et al. on the safety, tolerance, and efficacy of sirolimus in patients with clinically active SLE showed that sirolimus could significantly expand the CD4 + CD25 + FoxP3+ regulatory T cell and CD8+ memory T-cell populations and could inhibit IL-4 and IL-17 production after 12 months of treatment. These in vivo data show that blockade of mTOR by rapamycin inhibits mitochondrial oxidative stress and remits disease activity via correcting the proinflammatory T-cell lineage specification in patients with active SLE [45] . As recognized by several case reports in recent years, some immunosuppressive agents (sirolimus and everolimus) that are routinely utilized in transplantation have also been applied as a "rescue" therapy for IBD who were refractory to conventional anti-TNF-α therapies and showed excellent clinical efficacy in inducing and maintaining clinical remission [17, 18, 46] . Therefore, our present study could be the first step of a further evaluation of mTOR inhibitors and autophagy activators To explore the potential signalling pathways that are involved in LPS-induced mTOR activation and autophagy suppression in the intestinal epithelium, we focused on TLRs, which are responsible for detecting microbial pathogens and generating innate immune responses. Pathogen recognition by TLRs stirs up rapid activation of host innate immunity by inducing the production of pro-inflammatory cytokines and upregulation of co-stimulatory molecules [47] . TLR4, in particular, is a membrane receptor for LPS and is abundantly expressed in various epithelial cells. The regulative relationship between TLR4 and mTOR has been explored in few studies. A recent study has suggested that supplemental dietary L-arginine attenuates intestinal mucosal disruption through inhibiting the TLR4 and mTOR pathways [48] . mTOR activation plays an essential role in TLR4-triggered neutrophil and macrophage activation [49] . In addition, it is well established that MAPK activation (including p38, ERK and JNK) is involved in the production of various inflammatory mediators present in autoimmune and inflammation associated diseases such as COPD [50] . Intriguingly, our in vitro data revealed that upon knockdown of TLR4, MyD88 and ERK phosphorylation, the reduction of mTOR accompanied an upregulation of LC3B. The functions of mTOR and those dependent on LC3B and ATG5 were exactly opposite in regulation of LPS-induced inflammation in Caco-2 and HT-29 cells. Thus, these results together suggested that LPSinduced autophagy impairment in intestinal epithelial cells was most likely regulated by mTOR and its upstream TLR4-MyD88-MAPK signalling, and the fine control of mTOR signalling and autophagy should be considered in further drug development and application for disorders of gut inflammation in order to generate rewarding clinical outcomes. Therefore, our results suggested that mTOR activation and autophagy impairment were involved in the process of intestinal inflammation, while the precise pathway through which mTOR and autophagy regulate inflammatory responses remains ambiguous. Previous evidence (Fig. not shown) phosphorylates IκBα, which leads to its ubiquitylaiton and subsequent degradation. The mTOR-dependent inhibition of autophagy was further suppressed by activated NF-κB signalling. This allows p50 and p65 to translocated to the nucleus and induce the expression of pro-inflammatory cytokines.
has shown that NF-κB p65, as well as other NF-κB related molecules, can act as the target for degradation by autophagy, simultaneously regulating the autophagy process [51] . For example, Lorne et al. has reported that stimulating autophagy by rapamycin significantly inhibits NF-κB p65 phosphorylation in LPS-stimulated neutrophils [52] . Moreover, a recent murine study has shown that impaired mucosal autophagy level is closely associated with BCL10 accumulation, the improvement of IκB phosphorylation and nuclear translocation of NF-κB, with following increase in pro-inflammatory cytokines and M1 markers, while pharmacological induction of autophagy can inhibit the activation of NF-κB signalling and reverse intestinal inflammatory responses [53] . In line with the above studies, our current results show that knockdown of TLR4 and MyD88 significantly inhibited the phosphorylation level of ERK, mTOR and p65 and promoted autophagy. The inhibition of ERK phosphorylation by GDC-0994 also inhibited p-mTOR and activated autophagy. However, silencing of NF-κB p65 remarkably strengthened the protein levels of autophagy while it had little effect on p-mTOR. Furthermore, genetic or pharmacological knockdown of TLR4, MyD88, p-ERK and NF-κB p65 effectively diminished the mRNA levels of proinflammatory cytokines induced by LPS, which was in parallel with high levels of autophagy and low levels of mTOR phosphorylation. In summary, our current data suggested that LPS activates mTOR via upstream TLR4-MyD88-MAPK signalling and inhibits autophagy through the NF-κB pathway to regulate intestinal inflammation (Fig. 8) . Consistent with the above in vitro and vivo findings, our clinical data further demonstrated the proposed TLR4-MyD88-MAPK signalling and NF-κB pathway were probably implicated in the dysregulation of mTORdependent autophagy in the pathogenesis of UC.
Despite the increasing researches about the role of autophagy in modulating inflammation, this field is still in its infancy. Taken together, our data elucidated that the activation of mTOR and subsequent inhibition of autophagy are indispensable for intestinal inflammation and oxidative injury in vitro and in vivo. Mechanistically, classic TLR4-MyD88-MAPK signalling and the NF-κB pathway serve as the critical upstream and downstream regulators, respectively, in modulating the functions of mTOR-dependent autophagy in the pathogenesis of intestinal inflammation. Therefore, our findings, for the first time, reveal a mechanism concerning the regulation of mTOR-dependent autophagy and provide credible evidence for further clinical trials of mTOR inhibitors and autophagy stimulators (e.g., rapamycin) as a promising therapy for intestinal inflammatory diseases such as refractory IBD. And intestinal epithelial cell specific mTOR knockout mice will help us to further verify the function of mTOR in intestinal epithelium in the regulation of LPS-induced inflammation and oxidative stress.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.ebiom.2018.08.035.
